Intracellular pH (pH,) has been measured in intact muscle fibres isolated from the mouse flexor digitorum brevis muscle, using the fluorescence of dicyanohydroquinone as an indicator. The pHi in fibres cultured from 1 to 14 days ranged from 7 0 to 8-1. With time in culture, isolated fibres developed growth cone-like extensions from their ends. These 'myocones' were significantly more alkaline by 0-1-0-2 pH units than the parent fibre. Cultured fibres regulated pHi in response to acid loading with an NH4C1 pulse with recovery rate constants of up to 0-8 pH units/min.
INTRODUCTION
Alkalinization of intracellular pH (pH1) is associated with changes in gene expression in diverse cell types, ranging from oocytes to cultured fibroblasts (Nuccitelli & Heiple, 1982; Town, Dominor, Karpinski & Jentoff, 1987) . In addition increases in pH, evidently trigger the assembly of cytoskeletal proteins, leading to changes in cell shape and mitosis (Moolenaar, Tertoolen & de Laat, 1984) . There are rather few studies of pHi in mammalian skeletal muscle (Aickin & Thomas, 1977a, b; Aickin, 1986) and no reports, that we are aware, of measurements of pH, in denervated muscle. Denervation of mammalian skeletal muscle evokes a family of cellular responses due to qualitative changes in gene expression and protein synthesis (Grampp, Harris & Thesleff, 1972; Metafora, Felsani, Cotrufo, Tajana, Di Iorio, del Rio, De Prisco & Esposito, 1980) . These include expression of acetylcholine receptors and cell adhesion molecules in the membrane outside the normal, restricted area of the motor end-plate (Bekoff & Betz, 1977 a, b; Kallo & Steinhardt, 1983; Covault, Merlie, Goridis & Sanes, 1986) . In addition, isolated cultured muscle fibres sprout growth cone-like structures ('myocones') from their ends (Bekoff & Betz, 1977 b; Glavinovic, Miledi & Nakajima, 1983; Bischoff, 1986) , especially when cultured on laminin-coated substrata (Ribchester & Rowand, 1986) . We have now compared the intracellular pH of normal, chronically denervated and cultured skeletal muscle fibres using dicyanohydroquinone, a pH-sensitive fluorochrome (Valet, Raffael, Moroder, Wunsch & Ruhenstroth-Bauer, 1981) , as an indicator. Our results suggest that denervated muscle fibres may be more alkaline than innervated fibres, and that pH gradients may be generated in intact muscle fibres during prolonged culture.
The flexor digitorum brevis (FDB) muscle on one side of adult female CBA mice was denervated under sodium pentobarbitone anaesthesia (60 mg/kg; i.p.) by sectioning the tibial nerve. The denervated and contralateral muscles were isolated 7-10 days later. They were incubated in mammalian saline (Liley, 1956 ) containing 0 3 % collagenase (Sigma type I) for 1-5 h at 4°C followed by 1 5 h at 37°C, then dissociated by trituration and either studied immediately or cultured in Trowells T8 medium supplemented with 10% fetal calf serum, 40 ,tg/ml conalbumin and antibiotics (gentamycin-kanamycin), on glass cover-slips coated with 1 ,ug of laminin (Ribchester & Rowand, 1986) . For pH, measurements the fibres were loaded (2-10 min) with a membrane-permanent ester derivative of dicyanohydroquinone, namely 1,4-diacetoxy-2,3-dicyanobenzol (ADB, 50 /tg/ml: (Gillespie & Greenwell, 1987) . Although the ratio of emission at the two wavelengths was independent of the absolute intensity of fluorescence, in practice measurements were only taken from fibres emitting more than 10000 photons/s at both wavelengths (aperture area ca. 500 /tm2), in order to ensure a high signal-to-noise ratio. Intracellular pH was calculated with reference to a calibration curve made by treating fibres with 10 ug/ml nigericin in saline containing 135 mM-KCI (Thomas, Buchsbaum, Zimniak & Racker, 1979) . Under these conditions it was assumed pHi was equal to extracellular pH. The ratio of fluorescence was linear between pH 6 0 and 8-2.
The data were grouped into three categories: fibres from muscles innervated up to the time of dissociation and either studied immediately or cultured for 1-2 days (short-term cultures), fibres cultured for 2-14 days (long-term cultures), and fibres denervated in vivo 7 days prior to dissociation and cultured for 1-14 days (denervated cultures).
RESULTS
Examples of isolated cultured fibres are shown in Fig. 1 . Immediately-dissociated fibres are about 500 ,tm long and 30 ,um in diameter. The aperture on the fluorescence detector was set to cover a small area of each muscle fibre (see Methods), so it was possible to compare the fluorescence of different parts of the same fibre. There was no difference in pHi of the middle compared with the ends of short-term-cultured fibres (Fig. 1 C) . These measurements were made in HEPES-buffered Krebs solution (pH 7 4) and in this medium the mean pHi was 7 55 + 0 18 (mean + S.D., n = 24 fibres). Seven-day-denervated muscle fibres developed myocones (Fig. 1 B) when isolated and cultured for 2-15 days. These motile, growth cone-like structures were significantly more alkaline by up to 0 2 pH units than the parent muscle fibre (Fig. 1 D; P < 0-001, paired t test). In this sample, the middle of the fibres had a pHi of 7*81 + 0-22, significantly more alkaline than control, short-termcultured fibres (P < 0-01, t test). In other samples, however, in which pH, was only measured from one site, there was no significant difference between short-or long-termcultured fibres, or fibres denervated for 1-2 weeks prior to dissociation and culture. Overall, pHi was 7 66+0 20 (n = 211 fibres in fourteen muscles). But in Krebs solution buffered with 25 mM-bicarbonate and 5 % C02, differences between innervated and denervated fibres were again apparent: pHi was 7 17 + 0-12 (n = 12 fibres) in fibres cultured for 1-2 days, compared with 7 30 + 0.1 1 (n = 11 fibres; P < 0 02, t test) in fibres denervated for 1 week prior to dissociation and culture.
We attempted to measure the recovery of pHi following an acid load in fourteen fibres (Fig. 2) . Rebound acidification was produced by a 2 min exposure of fibres to HEPESbuffered Krebs solution containing 30 mM-NH4Cl (Boron & De Weer, 1976 Fig. 1 . A, an intact muscle fibre isolated from the mouse flexor digitorum brevis and cultured for 1 day on laminin substrate. B, fibre from a 7-day-denervated muscle, cultured for a further 8 days on laminin substrate. Note the membranous expansion (myocone) at the end of the fibre. Calibration bar: 100 ,um (A), 200 ,im (B).
C, pHi measured in the middle and ends of fibres, innervated up to the time of dissociation, after 1-2 days in culture. Each line interconnects the measurements from one fibre. D, same as C, but from fibres bearing myocones after 2-14 days of denervation and/or culture. fibres did not recover from the acid load within the 10 min observation period. The other fibres partly regulated their pHi, with rate constants varying between 0 1 and 0 8 pH units/ min. In neither case could recovery be stimulated either by adding bicarbonate, insulin, epidermal growth factor, culture medium or serum. There was no difference between shortterm cultures, long-term cultures or previously denervated fibres in their capacity to regulate pHi under the conditions of our experiments. In light of the generally poor recovery, we did not test the effects of amiloride or stilbene derivatives (Aickin & Thomas, 1977 
b).
We occasionally saw small oscillations of pHi (Fig. 2 C) during recovery from an acid load. These occurred too slowly and too late to be explained by mixing of fluids perfusing the recording chamber. They may be artifactual, but were not seen during normal superfusion of the fibres in the recording chamber prior to the acid-loading procedure.
DISCUSSION
We conclude that cellular outgrowth from denervated and cultured adult muscle fibres is associated with a spontaneous local alkalinization of intracellular pH. This alkalinization is comparable to that induced by growth factors and second messengers in other cell types (Boron, 1984; Moolenaar et al. 1984) . One further possibility is that the pHi measurements in the myocone may reflect intranuclear pH, since myonuclei were clustered in the myocones, and in some fibres the pH gradient was very steep. In addition, denervated fibres may be more alkaline than freshly dissociated, innervated fibres cultured for short periods.
The results obtained in HEPES-buffered media were equivocal, but the differences evident in bicarbonate-CO2-buffered saline may indicate a difference in intracellular buffering power in denervated fibres.
The pHi of the short-term-cultured fibres was about 015 pH units more alkaline than that of innervated fibres in the mouse soleus muscle, studied with pH-sensitive microelectrodes by Aickin & Thomas (1977a, b 
